The effects of essential oils (EOs) and their eight major components extracted from five aromatic and medicinal plant (AMP) species on the development of Fusarium oxysporum f. sp. albedinis, the phytopathogenic fungus responsible for fusarium wilt (referred to as Bayoud in Morocco) on date palm in Moroccan oases (Errachidia region), were studied. The EOs were extracted from the plants by hydrodistillation and chemically analyzed by gas chromatography-mass spectrometry. The major chemical components extracted from the EOs of each AMP were: Origanum compactum (carvacrol 29.26%, thymol 18.52%, O-cymene 11.89%, γ-terpinene 10.77%); Thymus satureioides (borneol 22.73%, carvacrol 16.96%, α-terpineol: 12.20%); Rosmarinus officinalis (eucalyptol 26.45%, camphor 15.51%, α-and β-pinene 21.31%); Lavandula dentata (linalool 30.22%, linalyl anthranilate 23.47%, eucalyptol 9.17%); Myrtus communis (myrtenyl acetate 50.28%, eucalyptol 15.01%). The antifungal activity of the isolated EOs and their major components in comparison to that of two synthetic fungicides was evaluated by calculating the minimal inhibitory concentration (MIC) and minimal fungicidal concentration (MFC) of each antifungal product. The results of this analysis showed that the EOs of O. compactum and T. satureioides were able to inhibit the growth of F. oxysporum at very low concentrations (MFC 5 and 13 μl ml −1 , respectively); these values were relatively better than those of the mancozeb synthetic fungicide (MFC 6 μl ml −1 ) and very much better than the EOs of R. officinalis, L. dentata and M. communis (MFC 40 μl ml −1 ). Thymol and carvacrol were effective fungicides at a very low concentration (MFC 0.94 and 2.08 μl ml −1 , respectively), followed in increasing concentration by α-terpineol (MFC 10 μl ml −1 ), linalool (MFC 13.00 μl ml −1 ) and borneol (MFC 26.67 μl ml −1 ). α-Pinene, eucalyptol and myrtenyl acetate were shown to have comparable fungicide properties, but at high concentrations ranging from 20 to 80 μl ml −1 . The effectiveness of the EO of Origanum and Thymus species would therefore appear to be linked to the abundant presence of carvracrol and thymol compounds. Given the damage caused by F. oxysporum on date palm trees and other plants in Morocco, as well as the environmental and health impacts of fungicides, the use of O. compactum and T. satureioides EOs or their major components (thymol and carvacrol) against this pathogen could be an alternative to commercially available synthetic fungicides.
Introduction Fusarium oxysporum f. sp. albedinis is a soil fungus that blocks the circulation of raw sap in plants, especially that of the finest varieties of date palm trees (Phoenix dactylifera L), thus causing vascular wilt, commonly known in Morocco as the Bayoud (unilateral drying and bleaching of one or more palms). Bayoud was first reported in 1870 in Morocco, and it is the most destructive and threatening disease in North Africa for date palm trees. It has been estimated that more than ten million palm trees have been destroyed by this fungus in Morocco in recent decades, which encompasses twothirds of the productive trees (Djerbi 1988; Fernandez et al. 1995; Sedra 2003a, b, c) .
Several strategies have been applied to control the Bayoud in Morocco, such as the renewal of palm groves, genetic selection (Sedra 2005) and the use of fungicides. However, none of these approaches have resulted in total eradication of the disease, and the chemicals applied have had adverse effects in terms of being an increased health risk to the environment, humans and animals (Magan and Olsen 2004) . Recent studies on natural and effective control methods have resulted in the development of solarization and alternative fumigation methods as well as the application of aqueous extracts and essential oils (EOs) of aromatic and medicinal plants (AMPs) (Murali and Mathela 1978; Singh et al. 1980; Essarioui and Sedra 2017) .
It is in this context that we have assayed the effectiveness of EOs of a number of AMPs to evaluate and confirm their usefulness as alternative control methods to synthetic chemicals. In the study reported here, we evaluated the anti-Fusarium effects of five EOs and their distillated major components extracted from Origanum compactum, Myrtus communis, Thymus satureioides, Lavandula dentata, and Rosmarinus officinalis plants harvested from northern Morocco.
Materials and methods

Pathogen responsible for Bayoud
The fungal pathogen Fusarium oxysporum f. sp. albedinis (referred to hereafter as Foa) was isolated from the soil around the root and leaves of a palm tree with symptoms of Bayoud disease (Fig. 1 ) in the Errachidia region of Morocco. Pure cultures were obtained by culture on potato dextrose agar medium. The aggressiveness of the isolate was tested on cultures of tomato and date palm. In addition, to confirm the pathogenicity and correct identification of the Foa isolate and its involvement in the Bayoud outbreak, we compared its morphological and cultural characteristics (principally, shapes and sizes of macroconidia, pigmentation and growth rates on agar media) to Fao cultures from previous studies (Djerbi et al. 1985; Sedra 1993a, b; Tantaoui and Fernandez 1993; Sghir et al. 2016 ).
Plant materials
Our group is conducting research on five popular and known AMP species in northern Morocco, namely, Origanum compactum, Myrtus communis, Thymus satureioides, Lavandula dentata and Rosmarinus officinalis. The identification of these species was confirmed based on the Practical Flora of Morocco: Manual of Determination of Vascular Plants (Fennane et al. 1999 ). The plants were harvested in March 2016, and the leafy parts were placed in the shade for 15 days to dry.
Extraction of EOs
Essential oils were extracted only from the plant leaves. The extraction method was hydrodistillation using a clevenger assembly. The EOs thus obtained were stored in the refrigerator in dark bottles until further use.
Chemical analysis of EOs by gas chromatographymass spectrometry
The EOs extracted from the AMPs werre chemically analyzed using gas chromatography (GC) (Trace 1300 gas chromatograph; Thermo Fisher Scientific, Waltham, MA, USA) coupled to mass spectrometry (MS) (ISQ single quadrupole mass spectrometer; Thermo Fisher Scientific). The GC-MS system was equipped with a DB-5 column type that had a non-polar stationary phase (5% phenyl-95% dimethylpolysiloxane). A 10% solution of the samples in hexane was prepared for the GC-MS. All chemical analyses were carried out in the Laboratory of Chemistry at the Faculty of Sciences in the University of Porto (Portugal).
Major components of the studied EOs
The major components of the studied EOs were purchased from Sigma Aldrich (St. Louis, MO, USA) and were stored according to the supplier's instructions. Thymol and borneol were delivered in powder form; carvacrol, α-terpineol, linalool, α-pinene, eucalyptol and myrtenyl acetate were delivered as concentrated solutions.
Antifungal assays and determination of the minimal inhibitory concentration and minimal fungicidal concentration
All EOs, their major components and the two synthetic fungicides were dissolved in dimethyl sulfoxide (DMSO), following which they were serial diluted in RPMI 1640 broth to reach the concentrations to be tested. The maximal concentration of DMSO in the final sample was 1%, a concentration which did not affect fungal growth. The minimal inhibitory concentration (MIC) was evaluated against Fusarium oxysporum following reference method M38-A2 for broth dilution antifungal susceptibility testing of filamentous fungi (Clinical and Laboratory Standards Institute 2008). A microdilution assay was performed on all of the compounds tested as follows: each antifungal product was diluted in RPMI 1640 medium, and then 100 µl of each concentration was poured into a well of a U-bottomed 96-well plate together with 100 µl of a F. oxysporum spore suspension of 10 4 CFU ml −1 in RPMI that had been prepared by dilution from a spore suspension obtained in physiological water with a drop of Tween 20. The MIC was considered to be the lowest concentration that totally inhibited the spore germination of Fusarium oxysporum after incubation at 25 °C for 48 h.
The minimal fungicidal concentration (MFC) was determined by inoculating 10 μl from those wells showing no turbidity into a Petri dish of Sabouraud agar medium. The MFC was the lowest concentration that totally inhibited the mycelial growth of F. oxysporum after incubation at 25 °C for 3 days.
Antifungal products (EOs, major components of the studied EOs and fungicide) were tested at different serial concentrations ranging from 80 to 0.07 µl ml −1 .
Statistical analysis
For each concentration and test, six wells are used for analysis. Each test was repeated 3-6 times. The averages obtained in the three trials (n = 18-36) were compared by analysis of variance with the Duncan's multiple range test. Signiviance was set at 5%.
Results
Chemical composition of the EOs
The chemical composition of the EOs presented in Table 1 was obtained after calculating the retention indices of all EO components based on the data provided by the GC-MS apparatus. The results were confirmed by values in the EOs retention indices databases. Using both approaches we were able to identify up to 98% of the EO components.
Thirty-seven constituents of the EO of Lavandula dentata were identified, of which the major elements were linalool (30.22%), linalyl anthranilate (23.47%), eucalyptol (9.17%), and S-camphor (8.03%). Thirty constituents of the EO of Origanum compactum were identified, of which the major elements were carvacrol (29.26%), thymol (18.52%), O-cymene (11.89%) and γ-terpinene (10.77%). We identifed 24 constituents of the EO of Myrtus communis, with the major ones being myrtenyl acetate (50.28%), eucalyptol (15.01%) and limonene (5.79%). Thirty-two constituents of the EO of Rosmarinus officinalis were identified, with the major ones being eucalyptol (26.45%), S-camphor (15.51%), α-and β-pinenes (21.31%) and camphene (8.39%). For the EOs of Thymus satureioides, 37 constituents were identified, with the major ones being endo-borneol (22.73%), carvacrol (16.96%), and α-terpineol (12.20%). 
MIC and MFC of the studied antifungal products against Fusarium oxysporum
The MIC or MFC of each EO and the major components of each EO were compared, and the analysis of the results are presented in Table 2 . The results showed that there is a significant difference between O. compactum and T. satureioides on the one hand and R. officinalis, L. dentate and M. communis on the other. The EOs extracted from O. compactum and T. satureioides were able to inhibit the growth of Foa at a very low concentration (MIC 2.5 and 10 µl ml −1 , respectively; MFC 5 and 13.3 μl ml −1 , respectively) compared with the EOs from the other AMPs (MIC 33-40 µl ml −1 ; MFC 40 μl ml −1 ).
Similarly, comparison of the MIC or MFC of the majority of EO compounds separately revealed a significant difference between thymol and carvacrol on the one hand and α-terpineol, linalool, borneol, α-pinene, eucalyptol and myrtenyl acetate on the other. Thymol and carvacrol were more effective at a very low concentration (MIC 0.54-1.25 µl ml −1; 0.94-2.08 μl ml −1 ), compared to α-terpineol, linalool and borneoldose (MIC 5-8.33 µl ml −1 ; MFC 10-26.67 μl ml −1 ). α-Pinene, eucalyptol and myrtenyl acetate were shown to have comparable effectiveness, but at high doses ranging from 20 to 80 μl ml −1 .
In terms of the effectiveness of the two synthetic fungicides tested, we found that the MIC and MFC were significantly different between these two fungicides. Mancozeb was found to be very effective at a very low concentration (MIC 5 µl ml −1 ; MFC 6 μl ml −1 ), with penconazole requiring higher concentrations (MIC 32 µl ml −1 ; MFC: 64 μl ml −1 ). Comparison of the MICs of all antifungal products revealed a significant different between the EOs of O. compactum and T. satureioides, carvacrol, thymol, and mancozeb on the one hand (MIC 0.54-10 µl ml −1 ) and the EOs of R. officinalis, L. dentata and M. communis, α-terpineol, linalool, α-pinene, eucalyptol, myrtenyl acetate, borneol and penconazole on the other (MIC 20-80 µl ml −1 ). In contrast, by comparing the MFCs of all the antifungal products, the difference is very significant between thymol, carvacrol, the EO of O. compactum, α-terpineol and mancozeb on the one hand (MIC 0.94-6 µl ml −1 ), and the other antifungal products (MIC 10-80 µl ml −1 ).
Effect of the major components of the EOs on the MFC of the EOs against F. oxysporum
Based on the results presented in Table 3 , the effectiveness of low doses (MFC 5-13.33 μl ml −1 ) of O. compactum and T. satureioides EOs was mainly related to the presence of a high percentage of thymol, carvacrol or α-terpineol in the respective EO. In the absence of thymol and carvacrol, the other EOs were only effective as a fungicide at the relatively high doses of 40 μl ml −1 .
Discussion
The EOs of plants are increasingly becoming the focus of study due to their medicinal effects. In the study reported here, we focused on the EOs extracted by hydrodistillation from five popular and well-known species of medicinal plants grown in northern Morocco, and their major components. Most of the major components of each analyzed EO were found to be relatively comparable with those mentioned in the literature. The following is a list of the AMPs studied and their major constituents: (Ghanmi et al. 2015) to 42.90% (Bakhy et al. 2014 ) and 43.97% (Sbayou et al. 2014 ). • T. satureioides. Borneol (22.73%), carvacrol (16.96%), and α-terpineol (12.20%) were determined to be the major components of T. satureioides EO. Borneol is the most abundant component in the EO, with a reported abundance of 31.2% (Tantaoui Elaraki et al. 1993 ).
Other authors have mentioned carvacrol or thymol to be the major components of T. satureioides EO, with an abundance of 26.5% (El Bouzidi et al. 2013 ) and 32.5% respectively (Pavela 2009 ). • R. officinalis. Eucalyptol (26.45%), camphor (15.51%), and α-pinene (13.75%) were found to be the major components of R. officinalis EO. Comparative results were reported by Chifiriuc et al. (2012) , but with a higher rate of eucalyptol of up to 40.59%. Other authors have mentioned α-pinene as the major component, with abundance ranging from 24.60% (Pintore et al. 2002) to 28.91% (Panizzi et al. 1993 ). • L. dentata. Linalool (30.22%), linalyl anthranilate (23.47%) and eucalyptol (9.17%) were found to be the major components of L. dentata EO. Linalool, the most important compound, has been reported to be present at abundances ranging from 20.75% (Ben Hsouna et al. 2014) to 38.4% (Dob et al. 2015) and 39% (Chryssavgi et al. 2008 ). Other authors have reported that camphor (Mothana et al. 2012) or eucalyptol (Imelouane et al. 2009 ) is the major component of L. dentata EO.
• M communis. Myrtenyl acetate (50.28%) and eucalyptol (15.01%) were found to be the major components of M. communis EO. Mimica et al. (2010) reported that eucalyptol is a major component, at a higher abundance of up to 25.7%.
Differences in the chemical composition of EOs from plants of the same species can be explained by the composition being linked to harvest period and extraction methods on the one hand and by the climatic, edaphic and nutritional factors on the other (Perry et al. 1999) .
The antifungal activity of all isolated products was demonstrated by calculating the MICs and MFCs of each antifungal product. In the present study, the average MIC of all the antifungal products used against F. oxysporum ranged from 0.54 to 80 μl ml −1 , with a total average of 21.53 μl ml −1 . Therefore, these values are consistent with MFCs ranging from 0.94 to 80 μl ml −1 , but with a total average that is superior to the MICs (29.42 μl ml −1 ).
The greatest growth inhibitions were associated with O. compactum and T. satureioides and their major components, thymol and carvacrol. Similar and better results have been reported with O. compactum against Fusarium species of rice (Santamarina et al. 2015) and Lippia rehmannii and citral against F. oxysporum of maize (Manganyi et al. 2015) . It is worth noting that carvacrol (MIC 200 mg/l) and thymol (MIC 400-500 mg/l] were also effective at very low concentrations against Fusarium verticillioides and Rhizpous stolonifer (Ochoa-Velascoa et al. 2018) .
The EO of Thymus mastichina has been found to show antifungal activity against eight fungi Fusarium genus, with MICs ranging from 1500 to 2000 μg ml −1 (Fraternale Daniele et al. 2003) . On the other hand, the EO of Thymus capitatus was found to have a 50% effective dose (ED 50 ) of 71 μg ml −1 (Dimitra et al. 2003 ) and that of Rosmarinus officinalis had a half maximal effective concentration (EC 50 ) of 388 μg ml −1 and ED 50 of 668 μg ml −1 against Fusarium sp. (Dimitra et al. 2003) . Badawy and Samir (2014) reported that the EO of M. communis had an EC 50 of 724 μg ml −1 against F. oxysporum.
These reports indicate that it is commone knowledge that EOs have antimicrobial activity (Yang and Clausen 2008; Zyani et al. 2011) . This activity can be attributed to the presence of an aromatic ring and a phenolic OH group known to be reactive and capable of forming hydrogen bonds with -SH groups in the active sites of the target enzymes, resulting in the deactivation of fungal enzymes (Velluti et al. 2003; Alam et al. 2007 ). It appears that the phenolic compounds of EOs causes an alteration in the permeability of microbial cells by interacting with membrane proteins (Rattanapitigorn et al. 2006; Pramila et al. 2012 ).
Conclusion
In this study the EOs extracted from O. compactum and T. satureioides strongly inhibited the development of F. oxysporum, as shown by the MIC and MFC results. Due to the harmful implications of F. oxysporum on plants, especially on date palm trees, as well as the environmental and health impacts, which are the result of applying fungicides in agricultural systems, the use of effective EOs from O. compactum and T. satureioides as biofungicides may be the most suitable alternative. The application of these EOs against F. oxysporum can be practiced directly or in combination with plant cultivation techniques involving alternate spacing of palm tree and O. compactumor/T. satureioides plants.
